Choosing the most suitable treatment for scoliosis relies heavily on accurate and reproducible Cobb angle measurement from successive radiographs. The objective is to reduce variability of Cobb angle measurement by reducing user intervention and bias. Custom software to increase automation of the Cobb angle measurement from posteroanterior radiographs was developed using active shape models. Validity and reliability of the automated system against a manual and semiautomated measurement method was conducted by two examiners each performing measurements on three occasions from a test set (N=22). A training set (N=47) of radiographs representative of curves seen in a scoliosis clinic was used to train the software to recognize vertebrae from T4 to L4. Images with a maximum Cobb angle between 20-and 50-, excluding surgical cases, were selected for training and test sets. Automated Cobb angles were calculated using best-fit slopes of the detected vertebrae endplates. Intraclass correlation coefficient (ICC) and standard error of measurement (SEM) showed high intraexaminer (ICC90.90, SEM 2-Y3-) and interexaminer (ICC90.82, SEM 2-Y4-), but poor intermethod reliability (ICC=0.30, SEM 8-Y9-). The automated method underestimated large curves. The reliability improved (ICC=0.70, SEM 4-Y5-) with exclusion of the four largest curves (940-) in the test set. The automated method was reliable for moderatesized curves, and did detect vertebrae in larger curves with a modified training set of larger curves.
INTRODUCTION
S coliosis is the most common cause of spinal deformity in adolescents. It involves lateral deviation of the spine in the frontal plane, often accompanied by rotation of individual vertebrae. This rotation causes noticeable asymmetries of the trunk such as uneven shoulders, a prominent shoulder blade, a waist crease, or side-to-side leaning. Approximately 2Y4% of adolescents have some form of scoliosis, but only about 0.5% will require treatment. 1 In 80% of the cases, scoliosis develops for unknown reasons (idiopathic) in otherwise healthy adolescents. 2 Treatment consists of observation, bracing, or surgery for progressive curves in growing teens. Before initiating bracing or contemplating surgery, which are both major undertakings, the status of the scoliotic curve must be established as stable, slowly progressing, or requiring intervention. Assessment of the severity of the scoliosis involves measuring the largest curvature of the spine, known as the Cobb angle (see Fig. 1 ).
3 The Cobb angle is determined on the back-to-front radiograph by selecting the most tilted vertebra at the top and bottom of the curve. The summation of the angles of these two vertebrae relative to the horizontal is the Cobb angle. In a straight spine (no scoliosis), the angle will be near zero, and has to be more than 10-to be classified as scoliosis. The error in measuring the Cobb angle consists of selecting different vertebrae that are most tilted and in estimating the best-fit line for the slope of the vertebrae. In this study, the Cobb angle of adolescent idiopathic scoliosis (AIS) patients using an automated method to detect the vertebrae was assessed. Adolescent idiopathic scoliosis usually becomes apparent in adolescents aged 10Y16, and managing its progression and/or course of treatment relies heavily on accurate Cobb angle measurement from successive radiographs, typically taken 3Y6 months apart.
When manually determining the Cobb angle from an AIS radiograph, intra-and interexaminer measurements have been reported to vary between 3-Y10-. 4Y6 This range is critical to the assessment of curve progression because a true increase in curvature of Q5-over a 6-month period usually warrants some course of treatment. 4, 7 To confirm its validity, the automated method was compared to a semiautomated method and the standard manual method. Unlike other studies 8, 9 which have attempted to improve Cobb angle measurement either through computer-assistance or the use of a new tool (Cobbometer), this study can be externalized to a clinical scenario. End vertebrae were not preselected for measurement and the examiners used their measurement tools of choice, whereas the before-mentioned studies eliminated such variables.
One similar study used a semiautomated computerized method developed within MATLAB to measure Cobb angle. 4 The statistical tool standard error of measurement (SEM), which is utilized in this study, is the same as the technical error of measurement (TEM) or the measurement error standard deviation used by Chockalingam. 4 TEM provides an estimate of measurement error in the units of measurement of the variable, which in this case are degrees. Mean intraobserver TEM was 0.7-and the mean coefficient of reliability was 0.98, while interobserver TEM was 1.2-with a mean coefficient of reliability of 0.99. Manual measurement of the same PA radiographs produced an interobserver TEM of 1.8-and a mean coefficient of reliability of 0.8. However, this study was based only on nine scoliotic radiographs. In addition, manual measurement was performed only once, and there was no indication of how the measurement was done (whether end vertebrae were pre-selected or same protractor used by all three examiners).
The overall objectives of this study were to develop a program for a more automated measurement of Cobb angle, and then to test its validity and reliability against both a semiautomated and manual Cobb angle measurement. It was predicted that the error would be reduced in measuring the severity of the scoliosis by automating the Cobb angle measurement with a program that minimized examiner input, thus limiting the amount of bias or error attributed within and between examiners. Subsequently, this would allow individuals with varying levels of expertise (from novice to expert) to calculate the Cobb angle with approximately the same amount of validity and reliability, regardless of their skill level or previous experience. Having an automated evaluation of Cobb angle will ultimately allow for improved understanding of curve progression and better treatment decisions.
MATERIALS AND METHODS

Active Shape Models
Developing and testing a program that allowed for the automated measurement of Cobb angles from spine radiographs was achieved in two stages. The first stage involved using a training set of radiographs to Bteach^the computer program to recognize vertebrae shape and subsequently perform calculations of superior and inferior endplate slopes. Training was achieved using a custom program developed in MATLAB and C ++ and was based on the Bactive shape models^algorithm described by Cootes and Lindley. 10Y13 The second stage consisted of estimating and comparing the intraexaminer, interexaminer, and intermethod reliability of the automated, manual, and semiautomated method.
Active shape models (ASM) were used to detect specific vertebra on PA radiographs. Active shape models are Btrained^to recognize what a vertebra looks like in a radiograph through a series of sample images. The advantage of ASM over other forms of image recognition is that they are specific to the application, and are Btrainedô nly in the detection and recognition of a specific target object and no other. Because they are only familiar with the variation provided in the training set, ASM cannot significantly deviate from that variation, and thus can only generate shapes similar to the training set.
Training creates two models, the object shape model and the object appearance model. After training, by deforming the shape models, and comparing the image with the appearance model, the ASM algorithm iteratively converges to the target object in the image. The object shape is described by the point distribution model (PDM). During training, the boundary of the object is identified by manually digitizing n landmark points around the perimeter of the object in the image. This is done for a series of training set images, consistently placing the points in the same positions throughout the images in the training set.
The shape for each image can be then represented by a 2n element vector:
z ¼ x 1 ; . . . ; x n ; y 1 ; . . . ; y n ð Þ
Where (x i ,y i ) are the x and y coordinates of the ith landmark point, respectively. Using Procrustes analysis, the corresponding landmark points are matched along the training set images, and translated, rotated, and scaled for each training set shape. For this study, n=40 points per vertebra, for 13 vertebrae (from T4YL4) per radiograph were annotated in the training set, which consisted of 47 radiographs. The points were approximately evenly spaced around the four sides of the vertebra, with ten points per side. The number of pixels on each side of a vertebra examined during training is 10 and set to 30 during image search.
Principal component analysis (PCA) is then used to determine the axis along which the majority of the data, and hence the variation among the training set images, lies. Based on the predetermined level of accuracy, the most common modes of variation that describe the training set can be extracted.
The point distribution (i.e., the shape) model can then be represented by the following equation:
Where:
x The mean of the aligned training set images P 2nÂt matrix representing the modes of variation b shape parameter represented by a vector of weights
The model can be deformed by varying the shape parameter b. The new shape ideally converges to the target object shape. The shape parameter b is constrained to ensure implausible shapes are not generated. For this study, the weightings have been set to 1. The generation of shape variations is illustrated by the PDM of a partial spine in Figure 2 for the most common variations found in the training set. The ASM algorithm varies the shape within the three standard deviation limit for each mode of variation.
The second model generated during training is the image appearance, represented by analyzing the shade intensity around each landmark point. This process is illustrated in Figure 3 . The program samples along a line normal to the intersection of two successive landmark points. The intensity profile is evaluated for all landmark points per vertebra and for all radiographs of the training set. The effects of intensity changes along the normal line are reduced by taking the derivative along the profile. Principal component analysis is then used once more to create the statistical model of the intensity profiles. In standard ASM, the profiles are normalized.
Once the object shape and appearance statistical models have been created, the ASM are used to locate the specific vertebra in the image. In this iterative scheme, an initial estimate of the vertebra shape is made by selecting initialization points to hasten convergence (see Fig. 4 ). Only the region around the initial estimate is examined using the appearance model. Scaling, translation, and rotation are applied to the point distribution model to improve the match. This procedure is repeated until either a maximum number of predetermined iterations occur, which in this study was 50, or convergence to a predetermined threshold (90% of the explained variance) is reached.
Automated Cobb Angles
The radiographs of the training and test sets were analogue PA radiographs. The images chosen for the training and test set were selected from the scoliosis database whose maximum Cobb angle varied between 20-and 50-. These radiographs can be classified into five categories, which represent the majority of scoliotic curves seen at the clinic (see Table 1 ). Scoliosis presents most commonly with a curve bending to the right in the thoracic region (right thoracic curve). Frequently, there is a compensating left lumbar curve. Less common is a single curve either in the lumbar region that generally bends to the left or in the middle of the spine denoted as thoracolumbar.
These were digitized by taking pictures of the radiographs with a consumer 5 megapixel digital camera. The radiograph was placed on a viewbox, with the film occupying the maximal field of view. Some quality was lost in the digitizing process, making detection of the vertebrae more difficult than directly using digital radiographs. However, analogue radiographs are still more common than digital images in the clinic. This process results in a worst case scenario. Using a high-quality scanner or digital radiographs will improve the detection of features in the radio- graphs. In selecting training and test radiographs, the exclusion criteria were those that included or showed: congenital deformities, poor imaging clarity, very large curves, major left thoracic curves, or post-surgical radiographs. These radiographs would be less compatible with the ASM, which are trained to recognize relatively rectangular vertebrae, while the excluded radiographs listed above have a higher likelihood of irregularly shaped vertebrae. A training set of 47 images was created, while the test set had 22 images. An additional training set comprising only of the 10 largest curves in the original training set was used for large curves.
The training set was used with test radiographs to measure the automated Cobb angle of those images. These measurements were obtained using a custom software program that can read images in .TIF, .JPEG, or dicom format. After loading the training set and the test image, the program prompts the user to select five initialization points on the test image. Initialization points on every third vertebra were selected, beginning with T4 and ending with L4, and placing them in the middle of the superior endplate, with both examiners choosing which vertebrae was T4 without any guidance (see Fig. 4 ). These points allowed the program to converge to an initial estimate of the shape of the test image (see Fig. 5 ). After the program went through a maximum of 50 iterations of shape estimation, the angles (in degrees) of the superior and inferior endplates relative to the horizontal of each vertebra were displayed and stored. The Cobb angle was calculated by adding the absolute value of the local maximum and minimum angle values. Selection of initialization points for the test images demonstrated that the Bautomated^method was not fully automated and still required examiner input. However, the program required less intervention than previous studies have reported, thus the program was classified as Bautomated.F Scoliosis presents most commonly with a curve bending to the right in the thoracic region (right thoracic curve). Frequently is a compensating left lumbar curve. Less common is a single curve either in the lumbar region that generally bends to the left or in the middle of the spine denoted as thoracolumbar.
Clinical Test to Semiautomated and Manual Cobb Angle Methods
The automated method was validated by comparing it to a semiautomated and manual method using the same test images. The semiautomated method required the selection of four landmark points by the examiner; two points each for the most superior and inferior vertebrae that showed the greatest tilt towards the concavity of the spine (see Fig. 6 ). The landmark points are selected by marking positions that best describe the endplate orientation relative to the horizontal. The examiner could zoom in on the digitized radiograph to better place the points using a computer mouse. Based on these points, an upper and lower angle between the endplate and the horizontal was calculated, and the absolute value of their sum used as the semiautomated Cobb angle. For all three methods, two examiners (trained novice and intermediate skill levels) performed the Cobb angle calculation three times for the 22 test images, with trials spaced 2 to 3 days apart for a given method. The radiographs were presented in random order, with no record showing previous measurements.
For the manual method, each examiner was given computer print outs of the radiographs.
They measured the Cobb angles using their choice of the most tilted end vertebrae and preference for measuring the angle between these vertebrae. The print outs were a scaled version of the analogue radiographs, with an approximate 3:1 reduction.
Analyses
Statistical analysis using Statistical Package for Social Sciences (SPSS) was used to calculate ICC (2, 1) 14 values with 95% confidence intervals (95% CI) to estimate the reliability of the intra- examiner, interexaminer, and intermethod measurements. The value of ICC can vary between 0 and 1, with 1 indicating perfect reliability, 0.70 being recommended for inferences about groups, and values between 0.90 and 0.95 being recommended to make inferences for an individual.
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The mean, standard deviation, and standard error of measurement (SEM ¼ SD* ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 1 À ICC ð Þ p ) 16 were also calculated for each method and trial. Scatter plots were examined for outliers (see Fig. 7 ).
RESULTS
Selection of the most tilted vertebrae for the determination of the Cobb angle had 70% agreement for the manual and semiautomated methods and 89% agreement for the automated method. Initial scatter plots of the three trials of each method against one another revealed a strong linear correlation between the trials (intraexaminer). Statistical Package for Social Sciences produced ICC values Q0.9, and a 95% CI with lower limits Q0.83 and upper limits e0.98 for the intraexaminer reliability using any of the three methods (see Table 2 ). All of the 95% CI of the intraexaminer reliability estimates overlapped.
Similar results were found for the interexaminer reliability using any of the three methods (ICC values Q0.82 and a 95% CI with lower limits Q0.62 and upper limits e0.98, see Table 3 ). The 95% CI of the interexaminer reliability estimates also overlapped.
However, plotting the three methods against one another showed near linear correlation between the examiners' results for the manual method versus semiautomated method, but noticeably poorer correlation between the manual versus automated, and semiautomated versus automated method (ICC values of approximately 0.30 and a 95% CI with lower limits Q0.0 and upper limits e0.6, see Fig. 7 , Table 4 ). Scatter plots of examiner one's intermethod trials, and examiner two's trials two and three are not shown because they produced similar results. In addition, the 95% CI of the intermethod reliability estimates overlapped.
From the intermethod plots, four outliers with large Cobb angles as measured by the manual and Table 5 ). The standard error of measurement (SEM) was lower compared to the standard manual technique. Including the outliers, the SEM for intraexaminer measurements for any method was between 2-Y3-, and the SEM interexaminer measurements for each method was between 2-Y4-(see Tables 2 and  3 ). The SEM for intermethod measurements for each examiner was approximately 8-Y9-, improving to 4-Y5-with the outliers eliminated (see Tables 4 and 5 ).
DISCUSSION
Intraexaminer and interexaminer ICCs showed high reliability compared to intermethod ICC values, which were quite low, but improved upon the removal of the four outliers representing large curves. Part of the automated method's limitation may be because the apparent shape of vertebrae can change with increasing severity of scoliosis. Various conditions including osteoporosis, obesity, complex deformity, and previous surgery with implants may adversely affect the shape and hence the recognition of the vertebrae as well. With mild or moderate scoliosis, the vertebrae generally appear rectangular. As the scoliosis becomes more severe, the vertebrae may become more irregularly shaped as seen in Figure 2 . Because the training set was taught to recognize rectangular vertebrae (representing mild to moderate scoliosis), vertebrae that are deformed (representing more severe scoliosis) may not be recognized, and therefore the automated program may not detect these vertebrae. The detection process of vertebrae by ASM are limited to the content of the training set, and because the training set did not include many radiographs with large curves, recognition of large curves in the test set was more difficult for the ASM. To demonstrate this, a second training set of ten radiographs representing the largest curves from The high reliability demonstrated by the intraexaminer ICC values suggests that the automated method is effective regardless of the experience of the examiner. Because one of the examiners was a trained novice, the high reliability obtained suggests that the automated method could produce similar results in a clinical environment where those using the automated measurement program may have little prior experience. A period of 2Y3 days between repeated measurements ensured that the examiners were not simply recalling their previous measurement. Examiners may have performed more than one measurement method on any certain day, but did not perform the same measurement method twice in 1 day.
Interexaminer ICCs were similar to the intraexaminer ICCs, which suggests that the semiautomated and automated methods are user friendly because the trained novice's results compared quite well to the intermediate examiner. The examiners differed in their level of experience of manual measurement, but were relatively similar in using the computer programs for conducting the semiautomated and automated measurements. Both had prior practice with the computer programs (MATLAB and the custom program) using sample radiographs, practicing on approximately five radiographs each.
Intermethod reliability was quite poor compared to intraexaminer and interexaminer reliability. In plotting the three methods against one another, it was obvious that the automated method produced different results compared to the other methods. Plots of manual versus automated, or semiautomated versus automated revealed four main outliers. These outliers were the four largest curves (940-Cobb angle) and were single curves. The training set comprised of a subset of the 10 largest curves in the original training set allowed detection of these vertebrae. The 18 remaining test radiographs were represented by more moderate curves.
In this study, possible sources of intrinsic error were not controlled to increase externalization of our results such as selection of vertebrae used in calculating the Cobb angle, which other studies have eliminated. Both Rosenfeldt and Shea 8, 9 preselected the end vertebrae before all measurements (both manual and computer or Cobbometer measurements), whereas this study allowed the examiners to choose their own. In addition, the examiners used their own protractor and radiograph markers unlike the prior studies where this was standardized. While this does add to the variability in Cobb angle measurement, it is a more realistic assessment of a clinical scenario in which different examiners evaluate a patient's successive radiographs with various instruments. Although it would be better to have one examiner with the same measurement tools follow a certain patient, it is not the common practice. Although Chockalingam's 4 mean TEM for both intra-and interobserver were noticeably better than this study's intra-and interexaminer, and intermethod SEM, there are various differences that may account for this. Firstly, the selection of two points per line, with a minimum of eight lines (16 points total) means that there could be less variability for the computer program to recognize, compared to this study which only required the selection of five points. However, the selection of five points requires less user intervention, and therefore a more automated measurement of the Cobb angle. Chockalingam 4 estimated angles on only nine scoliotic radiographs. The skill level of the observers and methodology in this study is unclear.
Future studies can be improved in several ways. Considering the range of error for manual measurement is between 3-Y10-, these results suggest the automated method has potential, and may be of greater value with further refinement. Modification of the shape parameter and adjusting the scaling, translation, and rotation constraints may improve matching of larger curves. Using separate training sets for different curve types may improve detection of vertebrae. The use of higher quality digital radiographs would allow the individual vertebrae to be more distinct, and therefore produce even better results for all methods.
The Cobb angle can only represent the scoliotic deformity in a single plane, whereas scoliosis is truly three-dimensional (3D), but 3D parameters have not yet been developed that are widely accepted. Cobb angle measurement remains the most commonly used method for monitoring the progression of scoliotic curves. Considering that a variety of individuals (physicians, clinicians, medical students) with different skills and experience measure the Cobb angle in a scoliosis clinic, providing an automated method for angle measurement will help reduce intra-and interexaminer error. Reduced error ultimately leads to better assessment of the patient's need for treatment and allows for improved determination of whether the curve has truly changed over time.
CONCLUSION
Adolescent idiopathic scoliosis is both manageable and treatable, with early detection allowing for the most flexibility in making treatment decisions. However, choosing the most suitable treatment relies partly on the accuracy of Cobb angle measurement. Because treatment decisions are heavily based on how much the Cobb angle has changed, reliable Cobb angle measurement is necessary. This study attempted to develop an automated Cobb angle measurement program, requiring only initiation points, allowing various health professionals to assess the angle regardless of their prior experience and training. The automated method worked best for moderate curves.
